ABSTRACI
In C4 plants, two enzymes of the C4 cycle are known to be light activated: NADP-MDH2 and PPDK (3) . Although both enzymes are located in the mesophyll chloroplasts of C4 plants, studies with the isolated enzymes have shown their mechanisms of activation/inactivation aie quite different. MDH is activated via reduction of disulfide groups on the protein by thioredoxin mediated electron transfer with DTT. In situ, the electron donor is presumed to come from noncyclic electron flow in the chloroplast. In the dark, the enzyme may be reoxidized by donating electrons to 02 via thioredoxin (3) . Recently, the mechanism of interconversion of PPDK between the active and inactive form has been intensively studied. The activation/inactivation takes place by Pi dependent dephosphorylation and ADP dependent phosphorylation of threonine groups on the enzyme (2, 3) . Previously, we showed with mesophyll chloroplast extracts from maize that the activation/inactivation of PPDK is controlled by adenylate energy charge, and further regulated by pyruvate and its analogs oxamate and oxalate (8) . However, the way in which the activation/inactivation is regulated in situ is unknown. In the present study, we have investigated the influence of inhibitors of electron transport and phosphorylation on for 4 min (Fig. 3 , Table II , experiment 1), 6 min (Fig. 2) , 10 min (Fig, 3, Table I ) or 15 min (Table II, experiment 2) prior to illumination. Phlorizin was dissolved in solution B (see above) and other compounds (DCMU, antimycin A, CCCP, and nigericin) were dissolved in 100% ethanol and the amount of ethanol in the assay was 0.1% (v/v) (Fig. 2, Fig. 3 , and Table II, experiment 1) or 0.133% (v/v) ( Fig. 3 and Table I ).
For experiments shown in Figures 1 and 2 , the volume of the assay was one ml and 0.4 ml, respectively; in all other experiments the volume of the assay was 60 ,l. To stop the reaction, aliquots from the assay (70 ,A1 for Fig. 1 and 50 ,ul for Fig. 2 ) or the whole assay medium (Fig. 3 , Tables I and II) were immediately placed in liquid N2. After thawing at room temperature, the enzymes (10 for MDH assay, 25 ,ul for PPDK assay) were assayed immediately as described previously (9) . The (Fig. 1) . However, the kinetics ofthe dark inactivation were quite different between the two enzymes. The half-time for inactivation of MDH was less than 1 min, whereas the inactivation of PPDK was much slower, with a half-time of approximately 10 min. This pattern of activation/inactivation of the enzymes in protoplasts is similar to that obtained in maize leaves (9-1 1) . Also, the half-times for activation of the two enzymes are comparable to those of several Calvin cycle enzymes in C3 plants (12) .
Influence of DCMU and Antimycin A on the Light Activation of MDH and PPDK. DCMU, an inhibitor of noncyclic electron flow, at a concentration of 10 .M strongly inhibited activation of MDH, while PPDK was still activated to some extent (Fig. 2) . However, the rate of activation of PPDK in the presence of DCMU (Fig. 2) was much slower than in the absence of the inhibitor (Fig. 1) . The influence of different concentrations of DCMU on the light activation of the two enzymes after 10 min illumination was examined (Fig. 3) . At (Fig. 3) . These results with protoplasts suggest activation of MDH is dependent on noncyclic electron flow in accordance with previous studies with isolated chloroplasts and leaves of maize (see Ref. 3) and that activation of PPDK is only partially dependent on noncyclic electron flow. Previously we found with mesophyll chloroplast extracts of maize that the activation of PPDK was controlled by the adenylate energy charge, and suggested that it may control activation of the enzyme in the chloroplast stroma in vivo (8) . Since DCMU does not completely inhibit the activation of PPDK, it is possible that a degree of activation of the enzyme occurs as a result of cyclic photophosphorylation. In studies with the C4 mesophyll chloroplasts of Digitaria sanguinalis there is evidence that a low concentration of DCMU, which will largely inhibit noncyclic electron flow, stimulates cyclic photophosphorylation (5, 6) . This may have occurred in the present study with the mesophyll protoplasts of maize under 3.3 M DCMU (Fig. 3) .
To examine whether cyclic photophosphorylation may be a factor in light activation of these enzymes, the influence of antimycin A, which previously was used to inhibit cyclic photophosphorylation in intact C4 mesophyll chloroplasts (5, 6), was examined. As shown in Table I (7) . In the presence of DCMU at a concentration which inhibited photosynthesis by 50%, there was an increase in the state of light activation of the enzyme by the addition of antimycin A. It was suggested that diversion of electrons from ferredoxin through cyclic electron flow was prevented by antimycin A. In summary, our results with antimycin A indicate that cyclic electron flow is not required for activation of MDH while it contributes to the light activation of PPDK.
Previously, we showed that in the absence of CO2 anaerobic conditions strongly inhibited the degree of activation of PPDK in maize leaves under low or high light (9) . We suggested that 02 might be required for maximum activation of PPDK through allowing pseudocyclic photophosphorylation to occur or by providing a proper poising ofthe electron transport system for cyclic photophosphorylation to function. It is possible that in vivo pseudocyclic photophosphorylation is also involved in light activation of PPDK.
Influence of Inhibitors of Photophosphorylation on the Light Activation of MDH and PPDK. CCCP, an uncoupler of photophosphorylation which diminishes the transthylakoid proton gradient, inhibited activation of PPDK; whereas it either had no effect on, or stimulated activation of MDH (Table II) Phlorizin strongly inhibited the light activation of PPDK but only slightly influenced the activation of MDH (Table II) .
These results show in situ that MDH and PPDK are light activated by different means in C4 plants. Noncyclic electron flow is required for activation of MDH, which is consistent with evidence that the isolated enzyme is activated by reduction of disulfide groups. Photophosphorylation is required for activation of PPDK in chloroplasts. Recent studies with isolated PPDK show it is activated by Pi dependent dephosphorylation and inactivated by ADP dependent phosphorylation (2, 3) and a high adenylate energy charge is required for activation (8) . The light modulation of these two enzymes and sites of action of various inhibitors are summarized in Figure 4 . It has also been suggested that pyruvate, a substrate for PPDK, might help maintain a high state of activation by inhibiting the ADP dependent inactivation (8) . The uptake of pyruvate by maize mesophyll chloroplasts is light dependent and sensitive to CCCP (4) . Therefore, inhibition of uptake of pyruvate in chloroplasts by CCCP might cause a further reduction in the activation of PPDK. Measurements of adenylate energy charge and pyruvate levels in mesophyll chloroplasts isolated from leaves after light/dark transitions will be required to confirm current evidence that these factors control the state of activation of PPDK in vivo.
